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We made an inventory of krypton spectra over the wavelength range 3700-6000 A for the
development of fusion plasma diagnostics. The measurements were performed using a prism
spectrometer on the Lawrence Livermore National Laboratory low energy electron beam ion trap
(EBIT 1). With the electron energy from 150 to 17000 eV, we recorded low ionization stages
together with a number of magnetic dipole transitions from higher charge states. In total, we
observed over 80 lines, of which about 70% of the lines have not been listed in the literature. This
measurement established a baseline for future extension using spectrometers with very high
resolution. As an example, we present the Kr spectra from 3770 to 3900 A measured with a
transmission grating spectrometer that has a resolving power of about 15 000. Among the 41 lines
observed, only six lines have been listed in the database20@L American Institute of Physics.
[DOI: 10.1063/1.1319604

I. INTRODUCTION Laboratory(LLNL ). EBIT provides an ideal source for spec-
tral measurement of lines relevant to fusion plasfha.

Optical transitions offer excellent opportunities for Compared to glow discharges, which have been used to ob-
plasma diagnostics given the state-of-the-art in optical techtain most of the existing optical spectral data for Ne, Ar, and
nology that may include light fiber optics, laser tagging, andkr,2=1% the EBIT source provides the appropriate charge
solid-state optical elements. For example, the “laser tagstates found in fusion plasmas at densities comparable to that
ging” technique uses a laser to excite a resonance transitioim laboratory fusion plasmas. Moreover, EBIT has a well-
and detect the induced fluorescence radiation. It has beeonfined ion source that allows steady state measurement of
used to measure local ion velocity, transport, and turbulencin spectra even at low electron energi&S0 eV or highey.
in various plasma:® In tokamak and stellarator fusion plas- Previous measurements of the visible spectrum of highly
mas, optical spectroscopy is of particular interest followingcharged ions in LLNL EBIT have been reported in Refs. 15
the development of radiative cooling scendribue to the and 16. Our measurements of neon and argon using prism
range of temperatures and densities in the edge and divertspectrometer have been reported in Ref. 17. In this article,
region, optical lines from impurities are abundant, and opti-we present the results of Kr measurements with both prism
cal diagnostics of the edge plasma parameters, such as irmnd transmission grating spectrometer.
purity density fluctuation, radiation, and transport are funda-
mentally important in understanding the confinement of the
fusion plasmas. Il. EXPERIMENT SETUP

Noble gas impurities such as neon, argon, and krypton, The setup of the Steinh&fiprism spectrometer is illus-
which are often used as radiation media in the edge angtated in Fig. 1. The collection and the focus lens have 13
divertor plasma to establish a radiative cooling cusHioan  and 7.6 cm diameters, respectively. The system magnifica-
also provide candidate transitions for the diagnostics. Atomigion is 0.64. The resolving power of the prism spectrometer
modeling using thetuLLAC codé has shown many potential is moderate: the best/A is from 1000 at 5500 A to 4000
transitions from these elements that may be used to diagnosgd 3800 A. The transmission grating spectroméT&sS)
plasma using the laser-induced fluorescence techfiiue. has a high transmission efficien¢y94% at 351 nmy large
Unfortunately, the atomic data for optical transitions of thosequartz grating with 15.2 cm diameter, and 0.64 cm
elements are largely unknown. As will be shown in this ar-thickness-® Both the collection and focus lenses are 13 cm in
ticle, most lines have never been identified. diameter and 40 cm in focal length. The resolving power of

Our optical measurements used the low energy electrothe TGS system is about 15500 at 3875 A as measured with
beam ion trap(EBIT Il) at Lawrence Livermore National a standard platinum lamp and a 30n slit on a tabletop

setup.
aAuthor to whom correspondence should be addressed: electronic mail: 1 N€ "ne_'Of'Sight of the spec_:trometer looks directl_y into
chen33@linl.gov the trap region. In the trap region, the monoenergetic elec-
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FIG. 2. Kr spectrum at various electron beam energies using the prism

spectrometer. The wavelengtin A) of the lines from highly charged Kr is
(Size not to scale) indicated.

FIG. 1. Schematic view of the experimental setup. The positions are shown . 0 . .

relative to EBIT including the transmission grating spectrometer and prismZ€d ion$® were used to do thén situ wavelength cross

spectrometefinterchangeab)e as well as the EUV and x-ray spectrometer calibration.

on EBIT. For the TGS system, we used lines from singly and dou-

bly ionized Ne, Ar, and Kr for thén situ calibration follow-

tron beam has a diameter of about&®, and it was used as ing the gas injections. A small spectral shift was also ob-

an entrance slit of the spectrometer. Spectra from both spegerved during the measurement due to changes in the

trometers were recorded using a cryogenically cooled charggurrounding conditions such as temperafir€hese effects

Coup|ed devicd CCD) camera. The camera has 1024024 have been taken into account in the data analysis.

pixels with each pixel 24umXx24 um in size. During the

data acquisition, CCD pixels in the nondispersion direction'!l- PATA

were binned to 256 to enhance the signal-to-noise ratio and  Kr spectra were taken using the prism spectrometer at

to reduce the signal read out time. Exposure time for eaclifferent assigned electron beam energies. Each beam energy

spectrum was 20 min, which produced reasonably intensgas chosen so that we can scan through each ionization stage

spectra without severe accumulation of background signabf Kr: we started from the lowest possible beam energy, 150

The background signals are mostly spikes resulting from enev and stepped up to 17 000 eV. Because Kr gas flows con-

ergetic particlegpresumably cosmic raystriking the CCD.  tinually into the trap, lines of neutral Kr and many low

Fortunately, after data acquisition, these background signalsharge stateéKr | to Krv) are seen in the spectra.

can be taken out using software, since they tend to be in a Kr spectra at different electron beam energies are shown

single pixel and very intense. in Fig. 2. Once the electron energy exceeds the ionization
The noble gases were injected into the trap using a difpotential of the ions, we expect to see the lines from that

ferentially pumped gas injector. There are several sources @nization state. Altogether, 11 optical lines of ionization

background lights in the drift tube, for example, the ionstates from Kx to Krxxiii have been observed. A promi-

gauge, electron gun, and emission from the residual ions. Tent feature of the Kr spectra is the line at 38428 A. It

reduce the background signals, the ion gauge in the uppeirst appears at an electron energy 950 eV associating with

chamber of the drift tube was switched off. Slightly lower

voltage (5.5 V) and current(0.45 mA) were applied to the TABLE I. Lines of highly charged Kr from prism spectrometer.

electron gun filament, compared to the normal operation corf

dition where the filament has 6 V and 0.5 mA. lon lp &V) Eveam (V) A
The wavelength calibration of the prism spectrometer Krxxu 935.4 950 384242.8

used several sources, including high-pressure scandium and Kr 639.6 750 4029:22.9
mercury lamps on a desktop setting, and nitrogen injection E; iv ‘2“3%'2 g;g 4‘125712 )
on the EBIT Il. To ensure reproducibility, the same spec- ;. 4416 470 506816
trometer setup position was kept during the measurements. kr x 353.2 390 515%11.5
However, there were up to two pixels shifebout 50um) in Kr xv 441.6 470 515811.9
the spectrograph position over the period of a few days, Krxu 311.5 330 5204.39.8
probably caused by the mechanical vibration of the sur- E: ivu gggi ggg gigi;g's
rounding area. In order to eliminate this shift, lines with . . 639.6 750 570%11.8

well-known measured wavelength from singly or doubly ion-
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FIG. 3. Kr spectrum from the prism spectrometer at electron beam energy of 1150 eV. The wavelength is in A, and the references are from Refs. 20 and 26.
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FIG. 4. Kr spectrum from TGS at electron beam energy of 3100 eV. The wavelength is in A, and the references are from Refs. 20 and 26.
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tion of Si-like Kr (3s?3p?°%P;—3P,), which has been ob-  (2000.

served in tokamak fusion plasma at 384003 A?2 a5 well 2X.-P'. Huang, J. J. Bollinger, T. B. Mitchell, W. M. Itano, and D. H. E.
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low charge-state lines. The wavelength of the lines is listed (1988; M. Kiapisch, ibid. 2, 239 (1971); M. Klapisch, J. Schwob, B.
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IV. CONCLUSION 7H. Chen, P. Beiersdorfer, and S. Utter, Phys. Submitted.

We presented krypton optical spectral measurements u&information of Steinheil company can be found at web-site: http:/
ing both prism and transmission spectrometers in LLNngw'ﬁl'“be””géat\/;essspr“f’g‘zssé’r“fos’jht;" Sriten. R. b, Bovd. and M
EBIT Il. Our broadband spectral survey reveals a large num- o, P'err?/u{)e;" Lett22 1(31rze£19.9'0._ fyan, 5. A. Britten, K. 1. Boyd, and M.
ber of spectral lines that are not yet listed in standard dataz"CRC Ha'ndbook of C’hemistry and Physics: A Ready-Reference Book of
bases, and even more new lines have been recorded with &hemical and Physical Date73rd ed., edited by D. R. LidéChemical
high resolution transmission grating spectrometer. These op-Rubber, Boca Raton, FL, 1992
tical lines are potential candidates for fusion diagnostics us?'S. B. Utter, P. Beiersdorfer, and G. V. Brown, Phys. Rev6% 30503
ing techniques such as laser tagging in the edge and divertoy2000-

; ; : PN ot . 22J. R. Roberts, T. L. Pittman, J. Sugar, V. Kaufman, and W. L. Rowan
region, especially following gas injection in radiative coolin ' ' ' ' '
g . P y 99 I 9 Phys. Rev. A35, 2591(1987).
experiments.

BF, G. Serpa, E. W. Bell, E. S. Meyer, J. D. Gillaspy, and J. R. Roberts,
Phys. Rev. AS5, 1832(1997.
ACKNOWLEDGMENT 24E. Trabert, S. B. Utter, and P. Beiersdorfer, Phys. Lett(ilpress.

. . 25V, Kaufman and J. Sugar, J. Phys. Chem. Ref. Dl&a321 (1986.
This work was performed under the auspices of the U'SZG“NIST Atomic Spectra Database,” Web based Version 2.0, http:/

Department of Energy by the University of California Law-  pyics nist.gow(2000.
rence Livermore National Laboratory under Contract NO.27T. | de Bruin and C. J. Humphreys, and Wm. F. Meggers, Bur. Stand. J.
W-7405-Eng-48. Res.11, 409 (1933.



